Introduction
Rice has always been an important staple in many African countries. Since the 1960s, it has also become the most rapidly growing food source across the continent. However, local production is largely insufficient to meet consumption needs. In 2009, Africa imported 10 million tonnes (Mt) of milled rice, at a cost of US$5 billion. With high food and fuel prices predicted to last well into the 2010s, relying on imports is no longer a sustainable strategy for Africa. Rice-sector development can become an engine for economic growth across the continent, contribute to eliminating extreme poverty and food insecurity within Africa, and improve the social well-being of millions of poor people. Development of the rice sector and related sectors will have considerable impact on the competitiveness of African economies and reduce the need to divert valuable foreign currency exchange to imports. Enhanced local production, processing and marketing will also mean that Africa's cities will have access to affordable food. Rice production will create employment along the value chain and in related sectors, and lead to improved nutritional and health status of the rural agricultural poor. It will allow financing of better education that will give 32 Impact of Rice Research on Income, Poverty and Food Security in Africa: An Ex-ante Analysis 24 African member states. The Center has a long tradition of priority-setting dating back to the 1990s (see Diagne et al., 2009 , for a detailed review of previous priority-setting exercises). The Center's research priority-setting since 1990 has involved a broad base of rice research and development stakeholder constituencies at different policy-and decision-making levels. Prioritysetting is a continuing process and the methodology used has changed over time.
In early 1990, AfricaRice (then the West Africa Rice Development Association, WARDA), conducted a systematic priority-setting 2 exercise that served for both the Center's Strategic Plan for the period 1990 -2000 and its Medium Term Plan 1994 -1998 (WARDA, 1993 . The exercise was implemented through a three-step process. The first step consisted of data-gathering on the relative importance of rice-growing environments (area, production, etc.) , and the relative importance of constraints per environment. The second step comprised an analysis of rice-growing environments and main stresses to determine the priority environments and stresses that needed to be addressed, assessment of countries' research capacities for each constraint, and AfricaRice's comparative advantages. The third and final step consisted of validation of the methodology used and the major findings by a task force.
In 2000, a new priority-setting exercise was initiated for the Strategic Plan -2012 (WARDA, 2004a . This exercise was essentially based on the outcomes of the previous priority-setting. The earlier constraints analysis was updated through task forces, working groups, surveys and at the meetings of the AfricaRice National Experts Committee (NEC). 3 On the basis of the results of this exercise, revised strategic and medium-term plans were drafted and validated by the NEC, Board of Trustees and Council of Ministers 4 (WARDA, 2004a,b) . Another priority-setting exercise was conducted for the [2005] [2006] [2007] Medium-Term Plan by a commissioned internal task force (WARDA, 2004b; Diagne et al., 2009) . It included a number of innovative features in its methodologynamely, a review of priority-setting methods and approaches adopted by other agricultural research centres (both those inside and outside of the CGIAR), the sub-regional agricultural research organizations (SROs) and national agricultural research systems (NARS). It used a scoring method based on criteria established by the task force, discussed and approved through consultation with a wide range of major stakeholders.
This chapter presents the approach used to assess the potential impact of rice research in sub-Saharan Africa for 2011-2020 and discusses the major findings. The priority-setting exercise for which this ex-ante analysis was conducted has borrowed much from the previous one in terms of processes.
5 But in terms of methodology, a number of innovative features were introduced. First, an in-depth farm-household survey was conducted in 21 countries in sub-Saharan Africa to gather data on ricegrowing environments, constraints to rice production, and adoption of improved varieties. Second, the research to address the identified production constraints were elicited from scientists through consultation during a 2-day workshop during the 2010 AfricaRice Science Week. Third, econometric models derived from the agricultural household conceptual framework were used to assess expected productivity, poverty and environmental impacts of the proposed research.
The rest of the chapter is organized as follows. We first review the theoretical and conceptual framework that underlies the evaluation of the impact of agricultural research on farmers. Next, we present the methods used to assess the impact on other actors such as processors, traders and consumers, followed by an overview of the different data sets used for the analysis. We then present and discuss the main findings of the analyses and their implications in terms of thematic and geographic priorities for research on rice-based systems in Africa for the period 2011-2020, before concluding the chapter.
Estimation of the Impact of Rice Research on Farmers
This section presents the theoretical and conceptual framework that underlies the models used to assess the potential impact of rice research in Africa. We describe the general framework and then derive the model that explains household decision-making to adopt rice technologies and their impact on household outcomes, and the model that explains how a change in household production environment can affect its outcomes.
The agricultural household model
To identify the impact of rice research on poverty and income at the farmer level, we follow the agricultural household framework (see Deaton and Muelbauer, 1980; Singh et al., 1986; Taylor and Adelman, 2002 , for a review of the literature). This framework is summarized in Fig. 32 .1.
An agricultural household makes decisions to maximize its utility in the face of some constraints. The decision set, represented by the variables d * and x * in Fig. 32 .1, includes investment, crop and varietal choices, and resource allocation (seed, land, labour, fertilizer and other inputs), which the agricultural household chooses to maximize the satisfaction it derives from the consumption of food and non-food items represented by the variables c in the figure. The optimal consumption bundle that maximizes the household's satisfaction is determined by a utility function that embodies the household decision-maker's preferences, beliefs and expectations, and by a budget constraint that balances income from all sources as represented by the variable y in the figure and the cost of acquiring the optimal quantities of the production inputs in d * and x * and the non-produced consumption items in c. The maximum utility of consumption attained by the household depends on many factors that are outside of its control. These include the characteristics of the technologies chosen as represented by the variable q in the figure; the agro-climatic conditions (represented by e in the figure) ; the household socio-demographics and resources endowment profile, which include the public and private infrastructures and natural resources; the prices of commodities and the information available to the household on all these factors (all represented by z u in Fig. 32.1) .
From the graphical illustration of the agricultural household model in Fig. 32 .1 one can see how household decisions (adoption of crop or varietal and agronomic technologies) and the change in the agro-climatic conditions (reduction of yield loss caused by stresses) can affect the household outcomes of interest and permit the identification and estimation of the causal effects. Here we limit the analysis to household total income and village poverty headcount. Note that the impact on income and production is assessed at the household level, while the impact on poverty and food security is assessed at the community level.
Two sets of technologies are assessed. The first relates to adoption of new varieties and is assessed through structural models of farmer demand for varietal characteristics and its relationship to total household income, production or village poverty headcount. The second set relates to adoption of agronomic (including integrated pest management (IPM)) and postharvest technologies assessed through a reduced form model of effect of reduction in yield loss or increase in yield due to farmer adoption of the agronomic or postharvest technologies on total household income or production or village poverty headcount.
Impact of adoption of new varieties
Let us start from the general setting of the agricultural household model as illustrated in Fig. 32 .1 and described in the section above and assume that rice-farming households choose among J rice varieties (that include traditional and improved varieties) to produce rice and maximize the utility of consumption of food and non-food items. Thus, the agricultural household's maximization problem can be formally written as:
where c is the consumption vector of food and non-food items, with p c the corresponding price vector, x j = (x jk ) k=1,. . .,K , with x jk being the quantity of input k used in producing rice with variety j (one of the inputs being seed); p k is the price of input k; z u is a vector of household socio-demographic variables that affect utility; z j is a vector of exogenous technological and environmental variables conditioning the production of rice using variety j (variety characteristics, plot soil characteristics, weather, etc.); f is a production function; and p r is the price of rice. There is no loss of generality by assuming a common production function for all varieties because any variety-specific technological parameter can be included in the z j vector. There are several rice varieties distinguished by their respective contents of agronomic and consumption characteristics. Farmers make their choice of which varieties to grow and consume on the basis of their preference for these characteristics. The agronomic characteristics are those that affect the rice yield in the field, during harvest and during postharvest grain processing. The most important of these are yield potential, levels of resistance to various biotic and abiotic stresses and other characteristics such as plant height and tillering ability. The consumption characteristics of varieties include grain quality, shape, colour, aroma, taste, and various cooking and eating characteristics (cooking time, swelling capacity, degree of stickiness, storability after cooking, etc. Reformulating the utility function and the production function to take into account variety characteristics, we have:
. If the focus of the analysis is on the incidence of adoption (i.e. where there is adoption or not) instead of the intensity of adoption, then we define
expressing whether the farmer chooses to adopt a variety j by using its seed. As a direct implication from the model described in Fig. 32 .1, the farmer optimal choice depends on the conditioning variables e, q j and z u . Taking the expectation conditioning to these variables, we have:
with P(d j ** = 1 | q j , z u , e) being the probability of a randomly selected rice farmer adopting variety j when the vector of characteristics of the variety is q j , the farmer socio-economic characteristics are z u , and the vector of agro-climatic conditions is e; b stands for the vector of parameters to be estimated; and g is a function taking value in the interval [0, 1] .
Farmers in a village are not often universally exposed to agricultural technologies. Equally, therefore, a variety as a technology is not often universally exposed to all farmers (Diagne and Demont, 2007; Diagne, 2009 ). This introduces an important bias if one estimates adoption rates and adoption determinants by using traditional methods (Diagne and Demont, 2007) . Therefore, to consistently estimate the village variety adoption rate and its determinants, we follow Diagne and Demont (2007) and use the Average Treatment Effect (ATE) estimation framework (see Imbens and Wooldridge, 2009 , for a review).
For each characteristic k, we defineTaking the expectation conditional to e, q j and z u , we obtain the 'predicted demand':
Because varieties are uniquely identified by their varietal characteristics vectors, the introduction of a new variety is equivalent to a change in the set of varietal characteristics vectors of all known varieties and the improvement in a varietal characteristic k is equivalent to the introduction of a new variety that pushes the farmer's known frontier for that characteristic higher. Equation (32.2) shows how this change affects the probability of adoption of a village variety, and equation (32.3) shows theoretically how the demand for characteristic k changes taking into account the adoption.
The structural causal relationships among varietal characteristics, varietal adoption decision, varietal demand and outcome of interest are described in Fig. 32 .2, which shows how a change in a given varietal characteristic due to breeding research affects household total income and production and village poverty headcount through adoption and demand.
Impact of adoption of good agricultural practices
The impact of adoption good agricultural practices is assessed through changes in the effects of rice production stresses. These stresses in some cases affect 100% of the harvested area and cause high yield losses. The magnitude and effect of the stresses could be attenuated when the farmer adopts varieties that have the attribute of resistance to the stress. But another important way to reduce losses is for the farmer to adopt good agricultural practices. Such practices can help to overcome stresses during the growing season or tackle postharvest losses. We have not modelled the adoption rate and determinants for this kind of 'agronomic technology'. Using experts' opinions after consultation with AfricaRice agronomists and postharvest specialists, we assume the adoption of non-varietal technologies follows a logistic diffusion curve with a 35% peak adoption rate. The logistic distribution is the most common for technology adoption variables. The structural relation that shows how agronomic research has impact on income or poverty is described in Fig. 32 .3 (the conventions are the same as above). The reader is referred to Diagne et al. (Chapter 4, this volume) for a formal derivation of the relationships. The channel linking technologies to impact on farmer outcomes is straightforward compared to adoption of new varieties. When the farmer takes the decision to adopt a good agricultural practice, it is expected that the negative effects that will be faced when the stress hits will be less than if he or she did not have this, or any other, suitable technology.
Specification, identification and estimation of the impact model
To be able to project impact of adoption of a technology derived from research over time, we use an autoregressive (AR) model of the outcomes of interest. The AR model is reasonably realistic in most economic settings. Because of the limited data, we use AR model of order one (AR1). Thus, the general impact model equation that will be estimated is:
where Y is the outcome variable, D stands for the proxy for the technology that is assessed and x is a vector of variables other than D and which affect Y t . In such regression, the main econometric concern is the possible biases that would be generated by the possibility that D may not be exogenous.
Breeding research
For the breeding research impact model, D is the demand for a given varietal characteristics k. The impact models are estimated separately for each varietal characteristic. Each equation is Wooldridge, 2002) . The varietal technology demand and the outcome (income, production or poverty) can be confounded as shown in the structural causal relation presented in Fig. 32.3 . Thus, D = q k is endogenous in equation (32.4) and Ordinary Least Squares will yield inconsistent parameters. To address this problem, we use the Instrumental Variable estimation method with known frontier (q k ) as instrumental variable for the demand q k . The validity of the frontier as instrument is tested by weak instrument test (see Wooldridge, 2002) . The estimated parameter is the total effect of the demand for varietal characteristics on the outcome. Chalak and White (2011) show that in such a regression, the first-stage regression coefficient need not be identified. Each technology is associated with a corresponding varietal characteristic (see Appendix, Table 32 .A.1).
Agronomic research
For the agronomic research impact model, D is the yield loss caused by a given stress, when it is experienced by the farmer. We assume that the occurrence of stresses and the yield losses they cause to farm households are exogenous to their decisions. Thus, D = e is exogenous in equation (32.4 The linkage of technologies derived from agronomic research to impact models is straightforward by plugging the yield loss reduction expected (r e , %) directly into the impact model and multiplying the result by the probability of success (j e ) to account for uncertainty. Thus, the impact is Dy r e e = b j and corresponds to the average impact at farmer or village level in the first year of availability of the technology across adopting and nonadopting farmers.
Projection over time and aggregation across technologies

Projection of impact over time
At the end of the process described above, we had the impact for the first year of availability of the technology. This year corresponds to t 0 = 2010 + t d with t d the estimated number of years needed to develop the technology (from 2010) as given by scientists. However, we are interested in projecting impact over time to 2020.
The AR1 models estimated are enough to allow us to forecast the mean impact starting in a given year t 0 and any subsequent year t 0 + r as: where Dy is the impact in the starting year (bj k Δq k for breeding research and bj e r e for agronomic research). This formula enables us to forecast the impact at r -period ahead forecasted value for the outcome y. Finally, the annual nominal income gained was discounted at the rate of 5% and cumulated to get gross benefit at farmer level.
Aggregation across technologies
The impact parameters calculated, as described above, are for each technology that addresses a specific stress or varietal attribute. These technologies were grouped in major research themes (shown in Appendix, Table 32 .A.1):
• Alleviate biotic stresses.
• Alleviate soil-related constraints.
• Alleviate climate-related constraints.
• Alleviate postharvest-related constraints.
• Raise the genetic yield potential.
For each major research theme, the impact parameters were aggregated across all stresses. For the income or production parameters, the aggregation function used was the mean across technology in a given major research theme and was interpreted as the average impact of any technology within that group. For poverty parameters, the mean does not make sense because one individual cannot be lifted out poverty at the same time by two different technologies. Thus, we used a maximum across technologies in a given major research theme as aggregation function so that the result can be interpreted as the minimum number of people that will be lifted out of poverty by any technology within the particular research theme.
Extrapolation from farmer or village level to country level
Number of rice farmers and rice-farming population
The extrapolation from farmer and village level to country level is based on the estimation of the total number of rice farmers in each country. Because of the lack of national estimates of the total number of rice farmers per country, we combined household-survey and secondary data to provide estimates.
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The total number of rice-farming households N h in each of the countries included in our analysis was estimated by taking the ratio of the country's total rice harvested area S (obtained from FAOSTAT, 2010) and the average rice area per household s h (estimated from the farm-household surveys) and projected over time assuming constant population growth of g = 2.5% (average rural population growth in sub-Saharan Africa from the World Development Indicators [World Bank, 2010] To get the distribution across rice-growing environments, we multiplied the proportion of rice farmers by environment (estimated from the household survey) by the total number of rice farmers in the country (see Diagne et al., Chapter 3, this volume, Appendix, for details) . This assumes that the structure of the rice farmers by environment will remain stable over time. The total ricefarming population size in the country was estimated by multiplying the total number of rice-farming households (as estimated above) by the average household size. Missing values for average area and household size were estimated by taking the average across neighbours.
From farmer to country level
The potential benefit of rice research and its expected poverty impacts for rice-producing farmers in sub-Saharan Africa were assessed for 38 rice-producing countries. The household-and village-level impacts estimated from data on 16 countries were used to extrapolate impact at national level for the 38 countries. The 38 countries included are: Angola, Benin, Burkina Faso, Burundi, Cameroon, Central African Republic, Chad, Comoros, Congo Republic, Côte d'Ivoire, Democratic Republic of Congo (DRC), Ethiopia, Gabon, The Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, Liberia, Madagascar, Malawi, Mali, Mauritania, Mozambique, Niger, Nigeria, Rwanda, Senegal, Sierra Leone, Somalia, South Africa, Sudan (including South Sudan), Swaziland, Tanzania, Togo, Uganda, Zambia and Zimbabwe. The total rice area harvested in these countries in 2009 was about 9.9 million hectares, which represents 99.3% of the total harvested area of sub-Saharan Africa. Their total paddy rice production for the same year was 19.1 Mt (99.1% of the sub-Saharan African total). Thus, the results of this analysis can be considered to be applicable for all of sub-Saharan Africa.
For each country included in the analysis, the impact on individual farmers' income or production was extrapolated to country level by multiplying the average impact estimates by the estimates of total number of adopting farmers in the country. To see that this provided a consistent estimate of the total benefit to rice farmers at the national level, we let ȳ h be the increase in the average household income, N the average population size of rice farmers in the country and A the adoption rate, so that the total benefit at country level is T = A × N × ȳ h . Now, the total number of adopting rice farmers, N a = A × N and T = N a × ȳ h .
From village to country level
The poverty impact estimated at the village level was multiplied by the total rice-farming population size in the country. To show that this provides a consistent estimate of the reduction in the total number of poor rice farmers at the national level, let P v be the reduction in the average village poverty headcount and N v the average population size of rice farmers in a village, so that the average number of rice farmers in a village lifted out of poverty is
is the total number of people living in ricefarming households lifted out of poverty in the whole country, N the total number of people living in rice-farming household in the country, N a the total number of adopting rice farmers, K a the total number of rice-farming villages with adopters, N v a the average population size of adopting rice farmers in a village, then we have
=´=´=´´. If A is the adoption rate (assumed to be the same at both village and national levels), then we have
=´´=´. This extrapolation to country level was done for each proposed research options using the calculated estimate of individual farmer-or village-level impact.
Aggregation
For each proposed research options all income gain and poverty reductions were summed to get the gross income benefit and total poverty reduction for all countries. The income benefit by region, rice environment and research discipline was obtained by summing the benefit across all proposed research options and restricting the sum to the level of disaggregation of interest. The poverty levels by region, rice environment and research discipline were obtained by calculating new parameters at the level of interest using a max aggregation function. The new parameters were then used to obtain impact by country or rice environment and summing the result at the disaggregation level of interest. In addition, if rice paddy is not harvested and stored on time, or is dried too quickly, the proportion of rice grains that break during the milling process is usually high. Suboptimal drying and storage practices by farmers often result in good-quality paddy rice being mixed with damaged paddy, weed seeds, insect residues, sand and stones. Separation of broken from whole grains and removal of impurities is possible, but only with equipment available in largescale rice milling operations. Farmers also tend to mix paddy from different varieties when harvesting, drying or storing rice. But, different rice varieties have different milling characteristics.
Estimation of the Impact of Rice
As a consequence, there is a significant quality gap between locally produced and imported rice. The locally produced rice that is sold on African markets tends to be made up of a mixture of broken and whole-grain rice of different varieties, sizes and colours. Rice grains are also often mixed with weed seeds, stones, sand and insect residues (Lançon et al., 2003) . Thus, qualitative losses, estimated by the price differential between imported and locally produced rice, range from 15% to 50%, with an average of 30% in many countries.
To address these constraints, scientists have proposed a set of research options that would generale technologies of good harvest and postharvest handling and timing practices that will be made available to farmers and processors to increase milling performance and the overall quality of locally produced rice. Improved handling practices and technologies can significantly reduce rice paddy and grain losses due to poor harvesting and rice processing technologies (Wadsworth, 1991; Wang and Luh, 1991; Hosokawa, 1995) .
We assumed that with adoption of improved processing practices and technologies by rice processors, the milling rate will significantly increase from its current average value of 60% (Totté, 1995) to almost 67% starting from 2013. We further assumed that the percentage of head rice after milling will increase from 11% to 20% and the percentage of broken rice will significantly decrease from 59% to 50%. These estimates are conservative. For the traders, the assessment is done by assuming that the quality of local rice will increase. The increase is measured as the reduction of the price gap between local and imported rice.
In the absence of survey data on rice processors and traders, we made the assumption that the percentage of rice paddy that will be processed using the improved technologies proposed by scientists will follow a logistic curve with an initial adoption rate of 0.5% in starting year 2013 and a peak adoption rate of 35% in 2020. For each year, we forecast the total paddy production and then applied the new technical parameters to compute the increase in milled rice resulting from the adoption of these technologies. The increase in milled rice is valued at processor margins to estimate the income benefit for rice processors. The price increase attributed to the increase in rice quality is used to estimate the benefit for rice traders.
Rice consumers
For rice consumers, it is assumed that the expected increase in production and quality of local rice through adoption of the technologies generated by the proposed research options will be translated into a decrease in rice price compared to the level it may reach in the absence of research.
Using an econometric model with the price of milled rice at each village level as dependent variable and the proxy for the technologies generated by each proposed research option and other village characteristics as covariates, we estimated the level of this price effect. This price effect combined with poverty data from the World Development Indicators (World Bank, 2010), rice expenditure shares provided by the African Development Bank (Koffi Marc Kouakou, AfDB, Tunis, Tunisia, 20 August 2010, personal communication) and estimated population of non-rice farmers in sub-Saharan Africa (obtained by subtracting the number of rice farmers estimated above from the total country population from World Bank, 2010) projected over time, we calculated the expenditure savings on rice by poor consumers. This aggregated expenditure saving has been redistributed to estimate the number of poor consumers that will be lifted out of poverty. Translation into additional rice that can be bought enabled us to calculate the amount of additional caloric consumption and the number of people that could be lifted out of hunger among poor consumers.
Presentation of the Data
The data used for the priority-setting exercise come from various sources, both primary and secondary: (i) household-and community-level surveys conducted in 21 countries in 2009 (AfricaRice, 2010); (ii) a rice experts survey conducted during the AfricaRice Science Week in 2010; and (iii) secondary sources such as FAOSTAT (2010) and World Development Indicators (World Bank, 2010) . This section describes the data used and the various transformations made.
Household and community data
Rice data system for sub-Saharan Africa: overview
The rice data system for sub-Saharan Africa was a project funded by the Government of Japan to address the need for better-quality rice data, research and development (R&D) prioritysetting and monitoring. Household and community surveys were conducted in 21 countries, members of the Coalition for African Rice Development (CARD) 9 by AfricaRice in collaboration with NARS and national agricultural statistics services. This work aimed to collect household-and community-level data on the biotic, abiotic and socio-economic constraints to rice production. In addition, other data were gathered -farmer knowledge of varieties and their adoption, the farmers' perception of the characteristics of varieties, household demographics, access to seed, area harvested and total production, assets, access to infrastructure, etc. The sample sizes ranged from 370 (The Gambia) to 10,500 (Nigeria) rice-farming households per country in the household surveys.
A wide range of constraints were identified across growth environments. For each constraint, farmers were asked whether they knew it or not. They were also asked to rate the constraint when it occurred in terms of intensity on a three-point scale (high, medium and low). After rating all constraints, they identified the five major ones and were then asked three questions: (i) Have you experienced the constraint in the past 5 years? (ii) What was the proportion of area affected by the constraint in the past 3 years? (iii) What was the yield loss (%) on a whole-field basis when the constraint was experienced in the past 3 years? (See Diagne et al., Chapter 4, this volume, for more details.)
A single list of known traditional and modern varieties was compiled for each village via focus groups. In a given village, each surveyed farmer was asked whether he or she knew each village variety; whether he or she had grown it during the past 5 years; and, if grown, what was the area allocated, the quantity of seed used, the quantity of paddy produced, and other pertinent questions.
A pool of varietal attributes was identified by AfricaRice scientists. Because of the relatively large number of traditional varieties known and cultivated in many of the villages surveyed, the variety performance was evaluated at community level. Measuring the characteristics intrinsic to a variety is complex. Instead of having the exact measure, we used a ranking method to assess varietal characteristics. Each variety's performance for all attributes identified was assessed on a three-or five-point scale by a focus group of rice farmers in the village. The score was then used as a proxy for the varietal attribute. The scores given by the farmers were normalized by dividing by the maximum possible score (3 or 5) to give an index of between 0 and 1. Some of the grouped varietal characteristics scores (e.g. for diseases, insects) were obtained by aggregating the scores of the individual components making up the group using geometric mean (see Appendix, Table 32 .A.1). These scores, from village level, were integrated into the household-level file by matching by variety and village. Missing values were corrected using averages by country, village, variety type and rice environment.
Data were collected for 21 countries, but completely processed for only 16 countries.
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Thus, the models are estimated using only 16 countries' data. The estimated parameters were then used for all the countries included in the analysis. The survey questionnaire was almost the same for the 21 countries, except a few aspects that varied across countries. The data for the 16 countries were pooled.
To assess the probability of adoption of a given variety in a village, we pooled the data as an unbalanced panel. One observation is defined by a pair (h, j), where h is the index for household and j for variety of the village. Thus, the data were balanced at village level in each country.
The income variable used in the impact model was total household income. The survey captured household income from various sources and for the previous 3 years. A household's income comes from rice production, other crop production, livestock production and nonagricultural activities (handicrafts, commerce, work as labourers, formal employment, extraction, processing, etc.). The total household income was obtained as the sum of income from the sources identified for all household members.
11 For uniformity, the incomes were converted from local currency to US dollars using the exchange rate of each currency (from World Bank, 2010). The household total paddy production was obtained by summing the household paddy production across varieties and plots. We calculated each village poverty headcount by using household per-capita income and the poverty line used was the $1.25 per day poverty line multiplied by each country's purchasing power parity (PPP) value (World Bank, 2010) .
Rice data system for sub-Saharan Africa: results
A detailed descriptive analysis of the household and community survey data is available in AfricaRice (2010). Here we present some of the key descriptive findings related to the farmers' knowledge and adoption of varieties and the demand for varietal characteristics.
VARIETAL ADOPTION. For a given variety in a village, about 47% of farmers knew it and 29% cultivated it. Among the 'exposed' population (i.e. those who knew it), the adoption rate was estimated at 62.4%. The average treatment effect of adoption of a village variety in the overall population was 61.4%, while it was 60.5% in the population of farmers not exposed to the village variety (see Appendix, Table 32 .A.2). The population selection bias was only 1% (see Appendix, Table 32 .A.2). This low selection bias may be due to the fact that we focused on any village variety, not on a particular variety. The gap between the potential probability of village variety adoption and the actual adoption rate was estimated at 32.3% (Table 32. A.2).
VARIETAL CHARACTERISTICS DEMAND. Because of the relatively large number of varietal attributes evaluated (27), we grouped some of them using their geometric mean (see Appendix, Table 32 .A.1). This geometric mean is the most suitable aggregation function due to the nature of the varietal characteristics to be grouped, the values of which are in the interval 0-1. For all the varietal attributes, the known frontiers, the maximum value of the attribute for the known varieties, are low. The demands, measured as the average value for the adopted varieties, are on average medium and close to the frontier (see Appendix, Table 32.A.3). Thus, there is a need to improve the varietal characteristics by developing improved varieties with higher performance than the existing ones (see also the estimates of the characteristics demand elasticities in the Appendix, Table 32 .A.4).
IMPORTANCE OF MAIN RICE PRODUCTION CON-
STRAINTS. Constraint analysis focused only on biophysical constraints. The socio-economic constraints are not considered here and will be analysed in later work. Some grouping was made to reduce the number of constraints assessed (see 'sub-category' in Appendix, Table  32 .A.1). The yield loss of a given group is the average across the constraints in that group. Also, a farmer experiencing at least one constraint in a group is assumed to have experienced this group of constraints (see Diagne et al., Chapter 4 , this volume, for more details on the methodology and findings).
On average, more than 30% of the harvested area of farmers who experienced at least one major constraint was affected. Soil-related constraints, climate-related constraints and weeds were the most common, with 37%, 36% and 33% of the area affected, respectively. The yield losses caused by the constraints when experienced were high and depended on the environment. Climate-related constraints caused on average 28% yield loss in irrigated and upland environments (see Appendix, Table 32 .A.5).
Scientist survey
Priority-setting workshop: overview
A 2-day priority-setting workshop was organized during the 2010 AfricaRice Science Week. During this workshop, a questionnaire-based survey developed by the AfricaRice Prioritysetting Task Force was conducted. The survey was addressed to AfricaRice experts to elicit research options to address rice production constraints. Scientists proposed research options by rice environment and type of research. The expected impact in terms of yield loss reduction, narrowing of the yield gap or increase in the yield potential under researcher-managed conditions was provided by the experts for each proposed research option. The yield loss reduction R given in tonnes per hectare was turned into a percentage using the formula:
in which y is the actual on-farm yield, l the actual average yield loss as perceived by the farmer, r the yield loss reduction (%) expected from the technology. This implies that with the adoption of the technology, resulting from the research option the yield loss perceived by the farmer will be reduced from l% to (l − r)%. Experts were also asked to indicate associated research costs, probability of success, and the expected year of delivery of the technologies from the proposed research option.
Priority-setting workshop: results
The analysis of the data from the survey of rice experts revealed a wide variety of proposed research options across research disciplines (breeding, agronomy, postharvest) and rice environments. The average yield loss reductions expected from research options mitigating the effects of various biotic and abiotic stresses are 0.6 t/ha in irrigated, 0.5 t/ha in rainfed lowland and 0.45 t/ha in upland environments. The average yield potential increases for research options raising yield potential are 1.5 t/ha for irrigated, 1 t/ha for upland and 1.4 t/ha for rainfed lowland environments. Estimates of yield gains from research options refer to conditions in researcher-managed trials. The average time to delivery of the technologies from the proposed research was slightly more than 4 years and the average probability of success was slightly above 60% (see Appendix, Tables 32.A.6 and 32.A.7 for details of scientists' estimates).
Patterns of Expected Income Benefits and Poverty Reduction
This section presents the main findings of the ex-ante analysis of the impact of rice research in sub-Saharan Africa. The results focus on income, poverty reduction and food security. Disaggregation across rice value-chain actors, research option, rice environment, research nature and region are made. The first sub-section focuses on gross income benefit, while the second sub-section presents impact on poverty reduction and food security. The parameter estimates of the model used to project impact are presented in the Appendix, 
Income benefits
Aggregated income benefits by actors and region
The estimation of the potential impact of research targeted to reduce yield loss due to the major production constraints identified by farmers, to raising the yield potential and to adding quality to rice is a global cumulative 5%-discounted benefit of $10.6 billion over the 7-year period 2014-2020 for the 38 countries included in the analysis, with an average annual benefit of $1.8 billion.
The disaggregation of the income gain across the value-chain actors and per region is presented in Table 32 .1.
The estimated potential impact of research targeted to reduce the yield gap and increase grain quality through better crop management and postharvest practices, and to raising the yield potential through higher-yielding varieties is an annual income benefit of $1.1 billion for rice farmers, corresponding to a global cumulative 5%-discounted benefit of $6.9 billion over the 7-year period 2014-2020.
As a result of increased rice supply, domestic prices in major rice-producing countries in Africa are expected to be on average 7.2% lower than the baseline level (i.e. without research). Translating this price effect, it is expected that annual expenditure on rice by non-rice-farming consumers under the $1.25 poverty line will be reduced by $650.6 million (PPP) by 2020 (holding consumption constant), corresponding to a global cumulative 5%-discounted benefit of $3.3 billion.
By improving rice processing technologies and reducing losses, it is expected that the quality of locally produced rice will be increased, generating more revenue for rice processors and rice traders. These benefits are estimated at $64.2 million annually (cumulative 5%-discounted, $323.7 million) for rice processors and $30.8 million annually (cumulative 5%-discounted, $155.3 million) for rice traders.
In terms of regional distribution on income gain, West Africa would have the highest impact, followed by East Africa, Central Africa and finally Southern Africa. This pattern is almost the same for all rice value-chain actors. Country-specific detail is provided in the Appendix, Table 32 .A.9.
Income benefits for farmers by type of research
The impact on farmers' income by type of research grouped into major research themes for all sub-Saharan African countries and across rice environments is presented in Table 32 .2. For all types of research and for all subSaharan African farmers, the expected gross discounted benefit on farmer income is estimated at $851.7 million in 2014 (starting year of adoption of the research-generated technology by farmers), reaching $6.9 billion in 2020. These benefits correspond to an annual discounted benefit of $1.1 billion from 2014 to 2020. The main assumption underlying these figures is that the impact of the types of research is additive (as explained in the methodology section). Consequently, the gross benefits for all types of research were obtained by summing the individual benefits for each types of research.
Disaggregation across types of research shows that the share of gross discounted cumulated benefits attributable to research that addresses major biophysical production constraints are the most important, with $336.5 million annually for research that addresses major biotic constraints, $320.5 million annually for research to alleviate climate-related constraints, and $220.1 million annually for research addressing soil-related constraints (Fig. 32.4) .
Research that raises genetic yield potential is expected to generate an annual income gain of $126.6 million, representing 11.5% of the total gross benefit. Research that alleviates postharvest loss at farmer level will generate $94.8 million annually, about 8.6% of the total annual income gained due to successful research in sub-Saharan Africa till 2020.
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The corresponding gross cumulative discounted benefits in 2020 are $2.2 billion for alleviating biotic constraints, $2.0 billion for alleviating climate-related constraints, $1.3 billion for alleviating soil-related constraints, $0.8 billion for raising yield potential and $0.7 billion for postharvest loss reduction. 
Income benefits for farmers by rice environment
In terms of rice-growing environment, the rainfed lowland environment comes in first position for all research options with annual income benefit of $497.8 million, upland comes in second place with annual benefit of $430.1 million, irrigated follows with annual benefit of $145.4 million and then other environments with annual benefit of $24.8 million (Fig. 32.5 ). The high potential impact observed in rainfed lowlands is mainly driven by Nigeria, where this is the major rice environment (70% of rice farmers) (see also Appendix, Table  32 .A.10). Gross cumulated discounted benefit in 2020 will reach $3.0 billion for the rainfed lowland environment, $2.8 billion for upland environment, $0.9 billion for irrigated environment and $0.1 billion for the other environments (Table 32. 3).
The impact varies across rice environments for each region (Fig. 32.6 ).
In general, rainfed lowland is the major rice environment in West Africa, mainly in Nigeria. The annual income benefit for lowland in this region represents 49.8% of the total annual income benefit, while the upland environment has a share of 42.0%, the irrigated environment 6.2% and the other environments 2.0%. In East Africa, the trend is different, with rainfed lowland annual income benefit share equal to 47.3%, irrigated second with 30.7%, upland third with 18.6% and the other rice environments 3.4%. In Central Africa, the dominant environment in terms of annual income benefit is upland (71.6%), followed by irrigated (15.4%), rainfed lowland (12.0%) and the others (1.0%). Southern Africa income benefits come mainly from the upland environment (92.0%) and to some extent from the irrigated environment (8.0%).
The benefit in terms of value by region and environment is presented in Table 32 .4.
Income benefits for farmers by research discipline
In terms of research discipline, breeding research comes in first position with annual income benefits of $426.8 million, followed by agronomic research with annual income benefits of $303.4 million. Postharvest research will have an annual income benefit of $166.0 million, and all other types of research are expected to have an annual income benefit of $202.2 million (Fig. 32.7) . These annual income gains, aggregated over time to 2020, would yield a gross cumulative discounted benefit of $2.3 billion for breeding research, $2.0 billion for agronomic research, $1.2 billion for postharvest research and $1.4 billion for other research.
Comparison across major research themes shows that the contribution of breeding to research alleviating soil-related constraints will be slightly greater than its contribution to research alleviating biotic stresses and research alleviating climate-related constraints ( Fig. 32.8 ). Only breeding research can help in raising yield potential. Table 32 .5 provides more details on impact by research theme and research discipline.
Poverty reduction and food security
Giving these income gains, corresponding (i) poverty reduction in terms of number of people lifted out of poverty and (ii) improvement in food security in terms of number of people that can afford to reach caloric sufficiency were also estimated (only for rice-farming households and non-rice-farming consumers).
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As explained in the methodology, aggregation of poverty reduction across research options was done by using 'max' as aggregation function (to count for the fact that being lifted out of poverty is a one-time event -excluding the possibility of drop back into poverty). So, the results presented here are the minimum yearly poverty reduction.
Aggregated poverty and food-insecurity reduction by actor and region
The results in terms of poverty reduction and foodinsecurity reduction are presented in Table 32 .6 (see Appendix, Table 32 .A.11 for the results disaggregated by country). As a result of the rice research in subSaharan Africa, at least 4.2 million people in ricefarming households will be lifted above the $1.25 poverty line (in 2005 PPP) in 2020. Also the expenditure saving realized by non-rice-farming consumers will equate to 6.8 million urban and rural rice consumers (excluding rice-producing farmers) being lifted above the $1.25 poverty line in 2020. In total, at least 11 million people in the 38 sub-Saharan African rice-producing countries will be lifted out of poverty in 2020, reducing the overall number of poor by 4%. It is anticipated that the improved purchasing power generated by the uptake of improved rice technologies will help undernourished people in Africa to be able to afford to reach caloric sufficiency and more balanced diets. As a result of increased availability and reduced prices, 5.6 million undernourished people will reach caloric sufficiency in Africa, reducing the number of food-insecure people by 6%.
In terms of regional distribution of poverty reduction, it is expected that by 2020 some 6.8 million people will be lifted out of poverty in West Africa, 2.7 million in East Africa, 1.0 million in Central Africa and 0.5 million in Southern Africa.
In terms of regional distribution of reduction of undernourished people, it is expected that by 2020 some 3.6 million undernourished people will be able to afford to reach caloric sufficiency in West Africa, 1.4 million in East Africa, 0.5 million in Central Africa and 0.1 million in Southern Africa (see Appendix, Table 32 .A.12 for the results disaggregated by country).
Poverty reduction for farmers by research theme
Analysis for the major research themes shows a wide divergence in their impact upon farmer poverty (Table 32.7) . Poverty reduction will be greatest for research that addresses biotic constraints, followed by research that addresses climate-related constraints, research to alleviate soil-related constraints, research to reduce postharvest losses and finally research to raise yield potential (Table 32 .7). Only the most effective research theme contributes to the overall value to avoid double counting.
Poverty reduction for farmers by environment
As noted earlier, the major environment in terms of number of farmers is rainfed lowland. It is also in this environment that the expected poverty reduction will be highest. The general picture in poverty reduction is almost the same as the distribution of farmers across major rice-growing environments. The number of people living in rice-farming households that will annually be lifted out of poverty will be 2.0 million in the rainfed lowland environment; 1.4 million for upland, 0.7 million for irrigated and 0.1 million for other environments ( Fig. 32.9 ).
Poverty reduction for farmers by research discipline
Agronomic research will yield the highest poverty reduction in the early years (2.5 million people), followed by breeding (0.83 million), postharvest research (0.31 million) and other research (0.24 million). By 2020, this trend will change as the starting year and growth of impact significantly differs from one research discipline to another. Thus, breeding will come in first position, followed by agronomy, postharvest and finally other research types (Fig. 32.10) . As with income impact, there is a significant difference among research types when one differentiates by major research options. Poverty impacts of research to alleviate major stresses (biotic, climate-related, soil-related) derive mainly from agronomic research and to some significant extent from breeding. On the other hand, poverty reduction due to raising yield potential derives solely from breeding. Impact of research alleviating postharvest losses is due to postharvest research and 'other' types of research that could not be clearly classified (Table 32 .8).
Research, economics and financial results and impact on production
This section presents the estimation of the direct and indirect research costs. It also describes the methods used to calculate economic and financial indicators.
Estimation of research costs and economic and financial indicators
This research and development (R&D) will be conducted mainly within the framework of the Global Rice Science Partnership (GRiSP), a CGIAR Research Programme on rice, led globally by the International Rice Research Institute (IRRI) in the Philippines and by AfricaRice for the African continent. Research costs include the GRiSP budget for Africa for the period 2011-2015 and a forecasted value for 2016-2020 -a total of about $420 million. They also include indirect costs of dissemination of the technologies (estimated from various past projects at about $1.2 billion).
The benefits and costs were aggregated and discounted to derive the rate of return and the benefit-cost ratio indicators. The financial rate of return for all research activities within the period 2011-2020 is estimated at 84% and the economic rate of return (assuming 20% price distortion) is 61%, showing that rice research in Africa within GRiSP is financially and economically very profitable.
SUMMARY IMPACT ON PRODUCTION AND RELATED
INDICATORS.
Impact on rice production. By 2020, Africa's rice paddy production will have increased from 18.4 Mt in 2010 to 46.3 Mt. Without the R&D proposed and assessed in this chapter and projecting each country's production on the basis of 1980-2010 growth rate, the baseline level of paddy production would be 31.7 Mt (20.6 Mt of milled rice) in 2020. Thus, the research and its associated technology dissemination activities will result in a rice production increase of 14.6 Mt of paddy (9.5 Mt of milled rice), corresponding to a 46% increase over the baseline scenario. Africa would have to import about 14.0 Mt of milled rice in 2020. But, with this proposed R&D and the production increase it will generate, imports will no longer reach this level, but rather 4.9 Mt in 2020 -corresponding to a reduction of 67%. The production increase and the increase in quality of local rice attributed to the technologies generated by this research should lead to an increase in the continental rice self-sufficiency ratio from the current level of 60% to at least 83% in 2020. Under the baseline scenario, this ratio would remain close to 60%. In 2011, only five countries had a self-sufficiency ratio greater than 70% (Tanzania, 90%; Madagascar, 89%; Mali, 84%; DRC, 84%; Guinea, 74%); with the production increases predicted, at least nine more countries should reach this level, and all countries will increase their self-sufficiency ratios by 2020.
Contribution to agricultural GDP. The share of rice in agricultural gross domestic product (GDP) of sub-Saharan African countries should increase from the 2010 level of 3.82% to 5.19% in 2020 . This corresponds to a 26.5% increase from the baseline scenario, which assumes that the agricultural GDP will maintain its current trend. Thus, R&D on rice in Africa will contribute to achieving the Comprehensive Africa Agriculture Development Programme target of 6% per year agricultural growth.
Conclusion
This chapter presents the AfricaRice research priority-setting exercise for 2011-2020. It covers methodology and presents the projected impact on income and poverty reduction from 2011 to 2020. The methodology used for this priority-setting borrows a lot from the methodologies used in the past, but also includes a number of innovative features.
We used a systematic approach and various data and econometric methods. The data on ricegrowing environments, constraints to rice production, varietal characteristics and adoption of improved varieties were collected from household and community surveys. Secondary data were also collected from FAOSTAT, the World Bank and the African Development Bank. Research-based technologies were elicited from scientists, together with their expected efficacy (yield loss reduction), projected costs, probability of success and year of delivery. Econometric models were developed to assess: (i) farmer demand for rice traits and impact on adoption; (ii) impact of varietal technology demand on household total income and village-level poverty headcount; and (iii) impact of reduction of negative effects of production constraints on household total income and village-level poverty headcount. The model parameters were used to estimate impact at country level and for countries for which survey data were not available. Estimations were projected over 10 years, but taking into account the projected year of delivery and the probability of success. In total, the results of the exercise covered 38 major rice-producing countries, which represent more than 99% of the total sub-Saharan African rice area and production.
The priority-setting showed that the total cumulative discounted income benefit expected for all research and all sub-Saharan African countries will be $0.9 billion in 2014 and $10.6 billion in 2020, corresponding to an annual income gain of $1.8 billion. As a consequence of these income gains, 2.3 million people will be lifted above the $1.25 PPP poverty line in 2014 and 11.0 million in 2020. These figures hide important differences across research options and disciplines, regions and rice environments.
In terms of type of research, the impact of research to alleviate major biophysical constraints is most important. Thus, the main focus should be given to this area of research. However, the significant share of research that addresses postharvest constraints in the total benefit suggests that there is a need to consider this area in the future research agenda. Also, research that raises yield potential needs to continue to be undertaken. In terms of research discipline, breeding is the most important, followed by agronomy. Postharvest research, even though coming in last position, provides a significant share of the total benefit.
In terms of geographical area, the main rice-producing region in sub-Saharan Africa is West Africa, which accordingly will receive the highest research benefit. Research efforts need to continue to be focused in this region, with a specific focus on Nigeria, Guinea, Sierra Leone and Côte d'Ivoire. East Africa will be the second major beneficiary region and Central Africa third.
In general, the rainfed rice-growing environments predominate on the continent. This understanding was reinforced by the prioritysetting results that showed that the rainfed lowlands will receive the greatest benefit from research, closely followed by the uplands. Irrigated environments, whose importance is increasing, will be the third major environment. The picture is slightly different across the regions. Rainfed lowlands and uplands are the major rice environments in West Africa and of almost equal importance. In East Africa, the two major rice environments are rainfed lowlands and irrigated. In Central Africa, upland is the major environment, followed by irrigated and rainfed lowlands in almost the same proportion. (1993, 1997, 2001a,b) for more details on priority-setting at WARDA during the 1990s. 3 The National Experts Committee (NEC) is composed of the directors general of the national agricultural research systems (NARS) of AfricaRice's member states; the NEC meets once a year at AfricaRice headquarters to discuss research progress and new directions (i.e. strategic decision-making). 4 Like other CGIAR-supported centres, AfricaRice has a Board of Trustees composed of nominees from member states and from non-member states. The Council of Ministers (COM), composed of Ministers of Agriculture or Scientific Research of member states is the highest governing body of the Center with statutory meetings being held once every 2 years. 5 As in the priority-setting exercises conducted in 1990 and 2000, this one also involved a broad range of rice research and development stakeholder constituencies at different policy-and decision-making levels. 6 Example: a breeding research solution addressing weed competitiveness by reducing the losses due to weeds by x % will result in an improved variety with a weed-competiveness performance x 100 higher than the average weed-competiveness of existing varieties. 7 The extrapolation weight in the rice statistics data that is needed to estimate the total number of rice farmers is available for only a few countries (Guinea, Nigeria, Senegal and Sierra Leone). 8 This assumes that the rice cropping intensity is once per year. Dawe et al. (2010) use the same method for some African and Asian countries. 9 The 21 member countries of CARD in which household and community surveys were conducted were: Benin, Burkina Faso, Cameroon, Central African Republic, Côte d'Ivoire, DRC, The Gambia, Ghana, Guinea, Kenya, Liberia, Madagascar, Mali, Mozambique, Nigeria, Rwanda, Senegal, Sierra Leone, Tanzania, Togo and Uganda (see www.riceforafrica.org). 10 Data for Guinea, Liberia and Mozambique were not in the right format and had not been aggregated with the others. Data for The Gambia and Tanzania were not completely processed. 11 The survey does not directly measure income at household-member level. During the interviews, the enumerators evaluated the income of each member and summed these to get the income of the household. 12 These do not include postharvest-research benefits at processor level. 13 Processors and traders are considered as non-rice-farming consumers. 
